of these were case-control studies which were limited in that they were retrospective and it is very difficult to prove or Radon exposure is associated with increased risk for disprove a small risk confined to rarely occurring exposure bronchogenic carcinoma. Mutagenesis analyses have levels. In an effort to circumvent this problem, a meta-analysis revealed that radon induces mostly multi-locus chromoof data from eight individual studies was recently conducted some deletions. Based on these findings, it was hypowhich strongly supports the extrapolation of risk from uranium thesized that deletion analysis of multiple radon-induced miner data to residential exposure (7) . Although many questions malignant transformants would reveal common mutations remain, the results of the first meta-analysis indicate that in chromosomal regions containing tumor suppressor extrapolation of miner data to indoor residential radon exposure genes responsible for malignant transformation. This is an acceptable basis for risk determination and managehypothesis was supported by a previous study in which ment (8) .
tumorigenic derivatives of the human papillomavirus
Experimentally, we have previously reported the initial 18-immortalized human bronchial epithelial cell line results of a model system consisting of cell lines from BEP2D were established following irradiation with 30 cGy independent populations of the human papillomavirus of high linear energy transfer radon-simulated α-particles.
(HPV)18-immortalized human bronchial epithelial cell line Herein, we describe the analyses of 10 additional tumori-BEP2D (9) that were established following treatment with genic derivative cell lines resulting from the irradiation of radon-simulated high linear energy transfer (LET) 4 He ionizing five additional independent BEP2D populations. The new radiation (10, 11) . Further, it has been determined that passage transformants have common cytogenetic changes, including of a single α-particle through the nucleus of a human-hamster the loss of chromosome (ch)Y, one of three copies of ch8, hybrid (Al) cell was only slightly cytotoxic but was highly one of two copies of ch11p15-pter and one of three copies mutagenic (12) . of ch14. These changes are the same as those reported Experimental data obtained in this laboratory indicate that previously. Analysis of PCR-amplified short tandem repeats exposure to a 30 cGy dose of α-irradiation with a LET of of informative loci confirmed the loss of heterozygosity 150 keV/µm results in a stepwise malignant transformation of (LOH) at 12 loci spanning the length of ch8 in cell lines the non-tumorigenic HPV18-immortalized BEP2D cell line at from four of the total of eight irradiation treatments to a frequency of~4.1ϫ10 -7 . Based on the average nuclear crossdate and the loss of chY in all cell lines (8 of 8). LOH sectional area of 115 µm 2 for BEP2D cells, it was estimated analysis with a total of 17 informative loci confirmed loss that on average,~1.4 α-particles would have transversed each on ch14 in transformants from seven of eight irradiation nucleus. This dose is consistent with the particle fluence treatments and indicated a 0.5-1.7 cM region of common experienced by underground miners, where most nuclei are involvement centered around locus D14S306. No LOH was expected to be transversed by multiple particles. In contrast, detected at any of the informative loci on ch11. The overall most environmental radon exposure occurs at a dose where it results support our stated hypothesis. Further studies are is unlikely to exceed more than one particle per nuclear currently in progress to determine whether the ch8 and transversal (13). Through a combination of cytogenetic and ch14 regions contain genes with tumor suppressor function short tandem repeat (STR) loss of heterozygosity (LOH) in bronchial epithelial cells.
analyses of these tumorigenic cell lines, common areas of deletion on chromosome ch8 and ch14 have been identified. The region commonly deleted on ch14 has been localized to Introduction 0.5-1.7 cM. The deleted regions on ch8 and ch14 contain As lung cancer is the most common cause of cancer death for multiple tumor suppressor gene candidates. men and women in the USA, it is important to identify the mechanisms involved in human bronchogenic carcinogenesis Materials and methods at both the cellular and molecular levels. The relationship
Cell culture and derivation of tumorigenic cell lines
between residential radon exposure and human bronchogenic The HPV18-immortalized human bronchial epithelial cell line BEP2D (9) (10) (11) 14) used in this study is an anchorage-dependent line that is nontumorigenic in nude mice. Briefly, BEP2D-derived tumorigenic cell lines were Abbreviations: ch, chromosome; HPV, human papillomavirus; LET, linear energy transfer; LOH, loss of heterozygosity; STR, short tandem repeat.
established from independent populations of BEP2D cells following treatment with radon-simulated high LET 4 He ionizing radiation. Irradiated cells were Metaphor agarose gels (FMC, Rockland, ME) containing 0.05 µg/ml ethidium bromide in recirculating, cooled 25 mM Tris-acetate, 0.5 mM EDTA, pH 7.5, expanded in culture, xenotransplanted into Nu/Nu mice to produce tumors (latency period~10-13 weeks) and tumorigenic cell lines were established running buffer containing 0.05 µg/ml ethidium bromide at 300 V as described by the manufacturer. Gels were visualized with a Foto/Eclipse image analysis from tumors that developed (~6-8 months post-injection) as previously described (10, 11, 14) . BEP2D and derived tumor cell lines were cultured in system (Fotodyne, Hartland, WI) and digital images were stored on a Power Mac 7100/66 computer. Collage software (Fotodyne) was employed for serum-free LHC-8 medium (15) as previously described (16). For these studies, passages 21-22 were used. densitometric analysis.
All primer sets were initially tested in the parental BEP2D cell line for Chromosomal analysis informativity at each locus. A heterozygous state at an informative locus was Cytogenetic and isozyme analyses were done in the Cell Culture Laboratory defined by the ability to discern two distinct gel bands by the procedure Facility at the Children's Hospital of Michigan (Detroit, MI). Briefly, exponentidescribed above. ally growing cultures were treated with 0.04 µg/ml colcemid for 1-2 h, trypsinized and treated with 0.0375 M KCl for 9 min and fixed in 3:1 methanol:glacial acetic acid, centrifuged and finally dropped onto cold wet
Results

slides, as previously described (17).
Karyotypic analysis of the malignant transformants of BEP2D
Slides were air dried and stained with 4% Giemsa solution. Chromosomes were examined and counted to establish the ploidy distribution and constituOne or more tumorigenic lines resulting from irradiation of tional aberrations. For trypsin/Giemsa banding of chromosomes, the slides eight different populations of BEP2D cells (treatment groups were aged at 60°C on a slide warmer for 18 h, immersed in 0.025% trypsin 1-8) were subjected to a karyotypic analysis of at least eight for 1-2 s, stained with 4% Gurr-Giemsa solution for 11 min (18), washed in buffer and then dried and mounted in permount. Well-banded metaphases metaphases. Results of isozyme analysis (human LDH, G6PD, were photographed using the AKSII image analysis system. A minimum PGM1, PGM3, ESD, Me-2, AK-1 and GLO-1) are consistent number of eight karyotypes were prepared from these prints for each cell line.
with a shared origin of the parental and tumorigenic populations (Table III) . Following amplification, PCR fragments were electrophoresed on 4 or 5%
were tested for informativeness, 82 loci were shown to be number of irradiation treatment groups and the total number in eight of 16 tumorigenic transformants from five of eight irradiation treatments. Five of 16 lines presented with no LOH at D14S306, but had LOH at loci on either side of the D14S306 locus. In addition to the changes in the area of D14S306, loci D14S283 and D14S274 were deleted in R30-4C, and loci D14S285 and D14S290 were lost in R30-5B. One line (H2BT) had no LOH at any of the informative loci tested. LOH at two of two informative loci was revealed for chY in all tumor lines. Of the five loci evaluated on ch11 in the region 11p12-pter, no LOH was observed in any of the tumorigenic cell lines. LOH was seen at only one out of 10 informative loci for ch11 at locus D11S910 in only one cell line, R30-5A.
Discussion
The HPV18-immortalized BEP2D bronchial epithelial cell line represents a useful model to study the molecular changes at various stages in radiation-induced human bronchial carcinogenesis. While it would be ideal to work with cells that are not expressing HPV18 E6/E7 proteins, they are required for the immortalization process. It is recognized that these proteins may select for particular tumorigenic pathways, however, it is likely that such pathways are among those responsible for naturally occurring bronchogenic carcinoma.
Results from this study support the hypothesis that tumorigenic cell lines derived from BEP2D following high LET irradiation will enable us to identify genetic changes associated with tumorigenesis in human bronchial epithelial cells. Thus far, LOH has been observed at multiple loci on ch8 and ch14 in the majority of radon-induced malignant transformants of BEP2D.
Karyotypic analysis of the BEP2D cell line indicates that three copies of both ch8 and ch14 are present, which would consist of a single copy of the chromosome from parent a and two copies of the chromosome from parent b. Karyotypic analyses of all of the tumorigenic transformants indicate that one of three copies of both ch8 and ch14 were lost. In several of the tumorigenic cell lines, the chromosome lost was the only copy from parent a, resulting in LOH at a large number of loci. In other cell lines, the lost chromosome was one of a tumor suppressor gene. This tumor suppressor gene inactivation is the result of a submicroscopic deletion or point mutation. When LOH was not observed, it was concluded that both heterozygous in the DNA of the parent BEP2D cell line and were evaluated in the 16 malignantly transformed cell lines.
alleles were inactivated through such smaller alterations. One possible explanation for the frequent occurrence of The results from a representative experiment assessing LOH at locus D14S306 are presented in Figure 1 as a Laplacian large ch8 deletions in the tumorigenic cell lines is that multiple tumor suppressor genes reside on ch8 and that they transformed image (Collage 4.0 software; Fotodyne Inc., Hartland, WI) of an ethidium bromide stained agarose gel. Of were selected for during tumorigenesis. Platelet-derived growth factor receptor β-like tumor suppressor is one such possible the 82 informative loci evaluated, only the loci for ch8 and ch14 are listed in Tables IV and V with a summary of the candidate gene located in the 8p21.3-p22 region (21,22). The number in the column under a specific cell line indicates the copy number of chromosomes in that cell line and the presence of marker chromosomes are indicated with M and a multiple of the number of markers present for that specific chromosome. The ϩ or -symbols represent the presence or absence, respectively, of an amplified PCR microsatellite product on Metaphor agarose gels, thereby indicating the presence or absence of an allele. ND indicates that LOH was not determined at the loci. In addition, the deletion present in the R30-5B line in the chromosome in each case. The D14S306 translocated chromosome representing the only copy from parent b was lost from 8q22-q24 region may provide the first step towards developing a minimal interval for a putative tumor suppressor gene.
lines H1ATBA1, R20-2C, R30-3A, R30-3B and R30-3C. As a result, the only chromosome 14 material from parent b in The 8q22-q24 region contains several genes whose function could characterize them as candidate tumor suppressor genes.
these lines is that from and adjacent to locus D14S306 (situation 1). One of the two chromosomes representing parent Possible genes include the cyclin-D related core-binding factor α subunit 2, translocated to 1, thyrotropin-releasing hormone a, which had the D14S306 translocation, was lost from eight lines from five different treatment groups (situation 2, cell receptor, fibronectin-tenascin-related undulin, glutaminepyruvate transaminase, PTK2 protein tyrosine kinase and lines R30T1L, R30T2, R30T3L, H1ATN, R30-4A, R30-4B, R30-5A and R30-6A). Both 'complete' parental chromosomes adenylyl cyclase-8 [Online Mendelian Inheritance in Man (OMIM) database, National Center for Biotechnology were apparently present in lines H2BT, R30-4C and R30-5B by LOH analysis (situations 3-5). In these lines, the D14S306 Information, National Library of Medicine, Bethesda, MD, http://www3.ncbi. nlm. nih. gov/Omim/searchomim. html].
translocated chromosomes (one from each parent line) were present, thus copies of each allele at each locus evaluated were The results of the LOH studies have indicated that the potential missing portion of 11p15-pter in the tumorigenic cell present. It is likely that a tumor suppressor gene (or genes) was disrupted through a combination of the translocation event lines, as identified by karyotypic analyses, must be present in the form of an unidentified marker or portion of a marker. As prior to irradiation and chromosome loss after irradiation. In summary, the regions of common LOH on ch14 contain several this change is common to all tumorigenic cell lines, it is possible that disruption of a gene at the breakpoint on ch11 is genes which have functions appropriate for tumor suppressors. Possible candidates in the 14q12-q13 region are CCAAT/ related to malignant transformation.
After analyzing the data on ch14, it is apparent that there enhancer binding protein epsilon, transglutaminase 1, paired box homeotic gene 9, apurinic/apyrimidinic (abasic) endowas a translocation at locus D14S306 between one of the duplicated chromosomes from one parent and the single nuclease and somatostatin receptor-1 (OMIM database). A second region of interest, 14q21-q23, contains cyclin-dependchromosome from the other parent. This translocation most likely arose prior to irradiation and is represented graphically ent kinase inhibitor 3, myc-associated factor X and transforming growth factor β3 (OMIM database). It is expected in Figure 2 . After this event, one of the three ch14 was lost from each malignant transformant, but it was not the same that more detailed evaluation of these chromosomal regions, currently in progress, will identify genes that serve as tumor D14S556 5 3 suppressor genes in human bronchial epithelium. 
